Resonant Inelastic X-ray Scattering (RIXS) in the soft x-ray range is an element-specific energyloss spectroscopy used to probe the electronic and magnetic excitations in strongly correlated solids. In the recent years, RIXS has been progressing very quickly in terms of energy resolution and understanding of the experimental results, but the interpretation of spectra could further improve, sometimes decisively, from a full knowledge of the polarization of incident and scattered photons. Here we present the first implementation, in a high resolution RIXS spectrometer used to analyze the scattered radiation, of a device allowing the measurement of the degree of linear polarization. The system, based on a graded W/B 4 C multilayer mirror installed in proximity of the CCD detector, has been installed on the AXES spectrometer at the ESRF; it has been fully characterized and it has been used for a demonstration experiment at the Cu L 3 edge on a high-Tc superconducting cuprate. The loss in efficiency suffered by the spectrometer equipped with this test facility was a factor 17.5. We propose also a more advanced version, suitable for a routine use on the next generation of RIXS spectrometers and with an overall efficiency up to 10%.
I. INTRODUCTION
Advances in research using inelastic x-ray scattering are tightly interconnected with the progress in the instrumentation. Together with detection efficiency, high energy and momentum resolution is the main requirement for measuring the momentum dependent excitations of interest by x-ray energy loss spectroscopy. In resonant inelastic x-ray scattering (RIXS) 1,2 the photon energy corresponding to a core level makes RIXS site and chemically specific. In this context a crucial issue is the control of the polarization of x-rays with a further increase of selectivity. As far as the incident beam is concerned, the problem has been solved by the progress in the insertion devices installed in third generation synchrotron radiation sources. The situation is instead much more delicate in the case of the scattered radiation since it is necessary to make the polarization measurement compatible with the spectral analysis without loss in the energy resolution. This has been done in the hard x-ray RIXS 3,4,5 and magnetic scattering 6, 7, 8 by exploiting the high reflectivity of Bragg optics based on crystals. On the other hand, in the soft xray range, covering the very interesting L-edges of 3d transition metals, the situation is made more difficult by the low efficiency of optical elements. Indeed the measurement of linear polarization of scattered photons has never been done in a soft-RIXS experiment, whereas it has been realized in the recent years in instrumentation with limited or no energy analysis capabilities 9, 10, 11, 12, 13 . The only case of combined polarization and energy analysis was realized by Duda et al. 14 who exploited the circular dichroism of the L 3 resonant reflectivity from a magnetic Fe mirror to obtain sensitivity to circular polarization. The limiting factors of this pioneering contribution are the rapid energy dependence of the response function and the complete lack of tunability, since the polarization detection is obtained by involving a resonant core-level process. On the contrary, the measurement of linear polarization is directly achievable without making use of resonant processes by exploiting the polarization dependence of reflectivity. Therefore the utilization of a multilayer (ML) mirror is ideal for the soft x-ray range, as shown hereafter.
Here we aim at presenting this problem in a rather comprehensive way by providing the information needed to implement polarization analysis in almost any soft x-ray spectrometer.
This presentation is based on two topics logically connected. i) A pilot experiment done with the AXES spectrometer 15, 16 at the beamline ID08 of the ESRF, which has led to unique and important results. The equipment is finalized to the Cu-L 3 edge (930 eV) but is sufficiently tunable to cover Cu in different compounds and different ionization states. A brief, non-technical account of this project has already been given in ref. 17 .
ii) The conceptual design of an innovative polarimeter designed for the ultrahigh-resolution ERIXS spectrometer to be operated at the new beamline ID32 of the ESRF from 2015; this instrument takes advantage of the pilot experiment.
The choice of the Cu L 3 edge is due to the importance of high-T c cuprate superconductors. These systems have important magnetic excitations at low energy and the problem of their detailed identification is crucial and RIXS has recently demonstrated to be a very valuable alternative to inelastic neutron scattering 18 in this field 19, 20 . These specific experiments will particularly benefit from the measurement of the linear polarization, since the magnetic excitations are accompanied by 90 deg rotation of the polarization vector of the scattered photons with respect to the incident ones 21 .
II. BASIC CONCEPTS

A. Obtaining the sensitivity to polarization
Due to the low counting rate, which is often the main limiting-factor, in soft-RIXS spectra are acquired with a parallel detection of all energies within a several-eV window. Thus in all instruments a common fact is the angular dispersion (in the vertical direction) of the radiation operated by a diffraction grating and the detection of the photons by a position sensitive detector (usually a micro-channel plate or a CCD). Irrespective of the number of optical elements, the optical axis, in the absence of horizontal focusing, projects onto a straight line in a top view as in Fig. 1(a) and the beam diverges horizontally from the sample to the detector. The addition of a focusing mirror can reduce the horizontal divergence as shown in Fig. 1(b) : the most interesting case of horizontal focus is the collimation with a parabolic mirror (focus at infinity). In all these cases the idea is to make the system sensitive to linear polarization by inserting a final optical element (in green in the cartoon of Fig. 2 , referring as an example to a system with only one optical element). This additional element ideally deflects the beam without affecting it in the (vertical) dispersion direction. It is a multilayer mirror working in Bragg conditions at the desired photon energy with intermediate incidence angle, so that its reflectivity is larger with σ' polarization (electric vector E in the plane of the multilayer) than with π' polarization (E in the scattering plane). Note that, for consistency along the whole article, we will refer to the polarization components perpendicular and parallel to the scattering (reflection) plane as  and  (' and ') respectively before (after) the sample. We anticipate here that, although the effect is strongest at 45 deg (the Brewster angle for x-rays), and lowest at normal and very grazing incidence, already around 20 deg from the mirror surface the polarization dependence of reflectivity is strong enough for our purposes.
B. Extracting fully polarized spectra
Without loss of generality, let us refer to an instrument as in Fig. 2 polarizations ' and ', it is possible to recover the two linear components of the polarization (in the assumption of a fully polarized beam). The cases σ' and π' are defined with respect to the ML, i.e. with the electric vector parallel or perpendicular to the ML surface respectively. This reference differs from the sample (or laboratory) reference system due to the inclination of the output arm. Since this angle is small (less than 8 deg) this rotation has a negligible effect when compared to statistical error bars and will be neglected. Thus we will identify the σ' polarization with E vertical and π' with E horizontal in the laboratory frame. As already mentioned, the prime (') index denotes the polarization directions of the photons scattered from the sample, whereas  and  refer to the radiation impinging onto the sample.
The system as a whole can be regarded as a filter with a small efficiency (the average reflectivity of the ML mirror is typically around 10%) and with preferential transmission of the ' component with respect to '. Thus the I M spectra differ from I D spectra for two reasons: the overall intensity is decreased by the reflectivity of the ML mirror, and the relative weight of the ' and ' components has been modified in the reflection. Formally, let us define the reflectivity of the multilayer for the two polarizations as:
where r(hν) is the reflectivity averaged over the two polarizations, and δ measures the polarimetric effect. Then, following the definitions given above,
where F accounts for the fraction of the beam intercepted by the ML mirror and for the other losses of average intensity in the real system. We obtain then:
with
The I ∆ spectrum (for one given incident polarization,  or ) has a clear meaning. In fact is the spectrum corrected for the average reflectivity of the multilayer and for intensity losses.
In the absence of any polarization effects, so that I ∆ = 0. Therefore the polarization effect is represented by the departure from zero of I ∆ , amplified by the factor 1/δ that accounts for the sensitivity to the polarization.
It must be considered, though, that the polarimeter can be used only if one knows, in the actual working conditions, the energy dependence of Fr and δ. In our system, as initial guideline, the functions r(hν) and δ(hν) were measured with a diffractometer installed on the same beamline. These measurements were done at one point of the ML, without scanning the position, due to technical constraints. We will show in section IV how to measure them in situ, i.e., in realistic conditions. The diffractometer data give the peak of the function r around 0.095 and our geometrical acceptance factor F is 0.68, so that the reduction of the counting rate (1/Fr) is expected to be approximately 15.5. This is tolerable in a modern beamline with high luminosity but these measurements remain in any case very delicate.
III. THE PILOT INSTRUMENT
A. The spectrometer
The device presented below has been realized for the AXES spectrometer 15 ; after several refurbishments 16, 22 this instrument, based on a variable line-density spherical grating and a CCD detector, has at present a resolving power E/ΔE = 4000-4500 (at 930 eV), corresponding to about 3500 when combined with the beamline monochromator. As shown in Fig. 2 , the whole spectrum is acquired simultaneously, without scanning parts, simply by accumulating for several minutes the signal forming an intensity image on the CCD, and by integrating along the (horizontal) lines of constant photon energy (slightly curved due to aberrations generated by the horizontally diverging beam). The detector is inclined so that the incidence angle on its surface is small (in this case 16 deg) to decrease the effect of the finite spatial resolution of the CCD. The total length of the system (from sample to detector) is 2.2 m. The beam coming from the beamline is focused on the sample so that the vertical height is less than 10 m and acts as a virtual input slit.
B. Optical matching between polarimeter and spectrometer
This is the crucial issue. In fact the above estimate of the counting rate is based on the assumption that each illuminated point of the ML mirror contributes to the spectrum with equal efficiency. This ideal matching is non-trivial since the horizontal acceptance of the spectrometer is much larger than the angular window accepted by a standard, plane ML. With reference to The mechanical setup allows the ML to move along the axis used in the rotation (axis aa in Fig. 2 ). This vertical translation is used to clear the way to the CCD in the measurement without the polarimeter. This movement can be used also to work at other absorption edges provided different ML stripes are deposited on the same mirror.
IV. THE PILOT EXPERIMENT: TESTS AND RESULTS
A. Test experiment
In order to reliably use the performances of the polarimeter the actual reflectivity for the two polarizations r ' and r ' had to be measured in the working conditions and with low statistical uncertainty. A normal RIXS spectrum could not be used, due to the weakness of the signal. This difficulty was bypassed by the use of a suitable multilayer instead of the sample: in Bragg reflection conditions the intensity is orders of magnitude higher than in RIXS and it can be easily used for the reflectivity calibration. In our case the Bragg angle was 65 deg to the surface and the ML acting as a sample had even to be slightly detuned to avoid overloading or eventually damaging the CCD detector. With that configuration an almost complete diagnostic could be completed in a few hours. This type of preliminary calibration of the polarimeter should be repeated rather often, typically at the beginning of each experiment or every time the geometrical arrangement of the sample is modified, even slightly.
First of all the optical matching is checked by testing the energy resolution. This is done in a very stringent mode since the high intensity allows working at the maximum resolving power. In this case the combined full width at half maximum (FWHM) of an elastically scattered beam is 240 meV at 931 eV, measured without polarimeter (Fig. 4, black squares) ; the very same line-width is obtained also when the polarimeter is inserted (red circles). In the two configurations the system has a slightly different energy calibration (about 1.5% difference), Different is the situation of the average reflectivity (in red) normalized to the maximum. We see a substantial agreement in a range about 1 eV wide around the "central" energy of 931 eV, while at lower energies the in situ results decrease more rapidly. This happens since one loses intensity at lateral sides of the CCD which has the full filling at fixed  only at the central energy. This analysis demonstrates that it is mandatory to measure in situ the real response function to be used in data analysis.
Moreover the rapid decrease of the reflectivity at lower energies makes the use of the equations of section II risky, due to the heavy data corrections to get the function I  (see eq. 7).
For this reason we restrict the use of the polarimeter to a 2.5 eV energy range below the 931 eV, which is acceptable for most of the cuprates.
Up to here we have been working at constant  but the performances depend both on the energy and on the angle and it is illuminating to consider the response in two dimensions, i.e., as function of both  and energy. A typical rocking curve is given in Fig. 6 (b) (in red), compared with the diffractometer measurements: in blue a θ-scan at fixed 2, and in black a θ-2θ-scan. The polarimeter rocking curve is similar to this last case because the CCD is very wide so that a large fraction of the intensity arrives on the detector when the ML is rotated. However, the polarimeter curve decays faster than the θ-2θ-scan as it must, since the detector is not moved during the scan.
This explains the difference between the real and the ideal scaling factor and makes the dependence on the angle much slower than in ordinary θ-scan.
The choice ofis not trivial, as shown by the map of Fig. 6(c) , where the measured intensity with σ' polarization is given vs. energy and angle. To our purpose a map based on four rocking curves is sufficient. The maximum intensity is obtained obviously when the polarimeter is in Bragg conditions. The response functions vs. energy are given by the cuts of the map at constant θ. It is apparent that the response function given by the dashed cut is much smoother than the cut through the Bragg peak. Of course, if everything is consistent, the final result after spectra analysis is the same at different cuts but the reliability of the data is different. The dashed cut is appropriate to measurements extending in a wide energy range, whereas the solid cut is more appropriate to the low energy magnetic excitations, appearing so close to the elastic peak to take full advantage from the reflectivity having been optimized at 931.5 eV. This is the case of all results presented here.
Strictly speaking, in the startup of an experiment, a map is not indispensable but it is greatly useful. At the beamline ID08 (at present dismantled), where this work has been done, the whole set of tests including the map could be completed in about 8 hours. We expect that at the new ID32 beam line these preliminary operations to be faster, easier and needed less often.
B. A typical result on cuprates
We give here an example of the use of the instrument in the study of cuprates. We chose a case in which it is expected from the theory that the traditional spectrum is the superposition of the two outgoing polarization both with sizable weights 21 . With large scattering angles (in our case 130 deg) this happens at grazing incidence (30 deg in our case) with respect to the surface containing the (110) plane; this expectation is more appropriate at low doping so that we chose the underdoped YBa 2 Cu 3 O 6.6 18 . superconductor 25 . A scheme of the experimental geometry is shown in Fig. 7(a) . In order to accumulate in five hours a reasonable statistics, we relaxed the resolution to about 320 meV FWHM (combined). The spectrum measured without polarimeter and  incident polarization is shown in Fig 7(b) , where the red box is the region where we use the polarimeter to obtain the results of panel 
V. THE HORIZONTALLY COLLIMATED BEAM: A NEW OPPORTUNITY FOR POLARIZATION MEASUREMENTS
The results presented in the previous section demonstrate that full polarization control in soft-RIXS is possible and interesting. But the low count rate and the energy range covered by the polarization analysis were still restricting the applicability of the technique. Moreover the 2.5 eV range, sufficient for most of the cuprates, would be even smaller for lighter 3d transition metals, and thus too narrow. With the setup presented above the expansion of the ML band-pass would imply a further, unacceptable reduction of the counting rate, as shown in Fig. 5 . In our case the pilot experiment was realized with the AXES spectrometer at the beamline ID08, recently replaced by the ERIXS spectrometer and the new beamline ID32 respectively, both designed for optimized intensity and ultra-high resolving power 26 . Moreover the spectrometer is equipped with a parabolic mirror collecting a 20 mrad horizontal fan and making it collimated. As a consequence the grading in the horizontal direction is no more needed, because with a parallel beam all the rays impinge at the same angle on the ML mirror. Then a constant-period ML, optimized for a generic energy E 0 , would work as shown in Fig. 8 . A slightly different energy E 1
(with E 1 > E 0 ) would impinge on the ML at a different vertical position than E 0 due to the dispersing properties of the grating. Then if E 0 is at the Bragg condition for the ML, E 1 is out of tune and is reflected with lower efficiency than E 0 , and away from the central energy the intensity past the ML would drop as shown in Fig. 8(a) . The band-pass can therefore be broadened by tuning the local period of the ML so to follow the energy dispersion on the multilayer itself dictated by the grating (Fig. 8(b) ). This solution is made possible by the use of a graded ML, where the period is linearly modulated in the vertical direction: this is a dispersion compensating multilayer, with a period gradient along the dispersion direction. This set-up, that allows covering continuously a wide energy range, will be studied experimentally in the next year, with particular attention to the interplay with energy resolution. A crucial component is obviously the ML, which has been already prepared as explained in ref. 27 . This innovative layout is the main perspective in the important and delicate coupling of energy and polarization measurement in soft RIXS.
IV. CONCLUSIONS
The test experiment realized with the polarimeter installed on the AXES spectrometer 
